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17a-Estradiol (17a-E2), the stereoisomer of 17b-estradiol (17b-E2), is considered a weak estrogen in
mammals. However, little is known about its estrogenic potency in teleost fish, even though 17a-E2
has been frequently detected in aquatic environment. To investigate the estrogenic activity of 17a-E2,
an in vitro assay based on the ligand-dependent interaction between medaka estrogen receptor alpha
(med-ERa) and coactivator was conducted. Japanese medaka (Oryzias latipes) were exposed to 1, 10,
100, 1000 and 10 000 ng L�1 17a-E2 (actual concentrations of 1.91, 12.81, 96.24, 1045.15, and
9320.81 ng L�1, respectively) for 3 weeks, and expression for vitellogenins (VTG-I), Choriogenin H
(CHG-H) and estrogen receptor a (ERa) mRNA in the livers was analyzed by quantitative real-time RT-
PCR (Q-RT-PCR). The in vitro study showed that the EC50 of 17a-E2 was 114.10 nM, which was 30 times
less potent than that of 17b-E2 (3.80 nM). Dose-dependent induction of gene expression of VTG-I, CHG-H
and ERa were observed. The benchmark dose (BMD) values for VTG-I, CHG-H and ERa were 44.16 ng L�1,
15.25 ng L�1 and 66.03 ng L�1, which were about 11-, 17- and 14-times less potent than that of 17b-E2,
respectively. Comparing this study with those reported previously in mammals, it is suggested that fish
species may be more susceptive to 17a-E2 than mammals.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In the last two decades, public concern regarding the feminizing
effects of estrogenic chemicals in wild life has been increasing
(Jobling et al., 1998). These estrogenic chemicals include natural
steroid estrogens, mainly 17b-Estradiol (17b-E2), estrone (E1), es-
triol (E3) and pharmaceutical estrogens, such as ethinylestradiol
(EE2), in addition to some industrial chemicals, such as bisphenol
A (BPA), 4-tert-octylphenol (4-t-OP), and 4-nonylphenol (4-NP).

17a-Estradiol (17a-E2) is a natural steroid estrogen with the
difference in the steric position of the hydroxy-group on C17
(Fig. 1). It is the predominant estrogen in several ungulates and ro-
dents and has been found in the blood and urine of various other
animal species (Gwilliam et al., 1974). In addition, 17a-E2 has been
detected in effluents and in aquatic environments such as dairy
wastewater (2000 ng L�1) and swine wastewater (680 ng L�1),
sewage treatment plants (0.1–9.5 ng L�1 in the effluent and 17–
30 ng L�1 in the influent), and rivers (0.02–0.91 ng L�1 in Beijing)
(Belfroid et al., 1999; Furuichi et al., 2006; Sarmah et al., 2006;
Chang et al., 2009; Miege et al., 2009). While its presence in the
environment has received some attention, there is little toxicolog-
ical information regarding 17a-E2 in fish.

Although 17a-E2 is considered as the biologically inactive ste-
reoisomer of 17b-E2, previous studies have shown that it has weak
ll rights reserved.

.

estrogenic activity. An in vitro study showed that 17a-E2 was 500
times less potent than 17b-E2, based on the results of the human
estrogen receptor-mediated chemical-activated luciferase gene
expression assay (ER-CALUX) (Legler et al., 2002). In primary Xeno-
pus laevis hepatocyte cultures, the concentration of 17a-E2 re-
quired to cause a significant induction of VTG was 345 times
greater than that of 17b-E2 (Mitsui et al., 2007). However, when
using the two-hybrid yeast assay, the estrogenic activity of 17
a-E2 with the rainbow trout estrogen receptor (rtER) was about
27 times less potent than that of 17b-E2 (Le Guevel and Pakdel,
2001). While these results demonstrate that 17a-E2 may have
greater estrogenic activity in fish than in mammals, to date there
is no information on the potential estrogenic effects of 17a-E2
for fish in vivo.

In the present paper, the agonistic potential of 17a-E2 at the
medaka ERa (med-ERa) was measured by a two-hybrid yeast as-
say. The estrogenic effects of 17a-E2 on medaka were investigated
by analyzing expression levels of VTG-I, CHG-H and ERa in the liv-
ers of male medaka exposed to different concentrations of 17a-E2
and 17b-E2.

2. Materials and methods

2.1. Chemicals

The 17a-E2 (purity: P98%) and 17b-E2 (purity: P98%) were
purchased from Sigma–Aldrich Co. (St. Louis, MO, USA) and were
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Fig. 1. Chemical structures of 17a-E2 and 17b-E2.
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dissolved in dimethyl sulfoxide (DMSO) as the stock solution
(stored at �20 �C). All chemicals and reagents used in this study
were of molecular biology grade unless otherwise described.

2.2. Yeast two-hybrid assay

The agonist activity of 17a-E2 was examined using a yeast two-
hybrid assay with yeast cells (Saccharomyces cerevisiae Y190) into
which med-ERa and coactivator had been introduced (Nishikawa
et al., 1999). Twelve dilutions of 17a-E2 (0.07–12345 nM) and
17b-E2 (0.006–1000 nM) were prepared as exposure concentra-
tions. 17b-E2 was used as a positive control, and DMSO was used
as a negative control. All experiments were performed in triplicate
(two replicates for each concentration). A detailed description is
provided in the supplementary material.

2.3. Experimental animal and chemical exposure

Adult Japanese medaka (Oryzias latipes), orange red strain, male,
14-weeks-old, were cultured in flow-through tanks under a con-
stant 16-h light/8-h dark photoperiod and fed with live brine
shrimp (Artemia nauplii) twice a day. Water used in the experiment
was active carbon-treated with a hardness of 8.1 ± 0.1 mg L�1

CaCO3, pH 7.7 ± 0.2, dissolved oxygen 7.8 ± 0.3 mg L�1 at
25 ± 1 �C. The medaka were acclimated to test water in 10 L tanks
for 2 weeks prior to initiation of exposure. After the acclimation
period, the 12 male medaka per glass tank were exposed in a
flow-through exposure with a final volume of 10 L and complete
water renewal every 6 h. Each of the 1, 10, 100, 1000, 10 000 ng
L�1 17a-E2 and 0.1, 1, 10, 100, 1000 ng L�1 17b-E2 exposure
groups, or vehicle control (0.005% DMSO) was separately exposed
in a single treatment tank. Concentrations of 17a-E2 and 17b-E2
in the water of the exposure groups were measured by LC–ESI-
MS/MS according to the analytical methods provided in the sup-
plementary material. The method detection limits (MDLs) of
17a-E2 and 17b-E2 for 2 L water samples were 0.05 ng L�1 and
0.08 ng L�1, respectively. Concentrations of 17a-E2 and 17b-E2
were found to be below the detection limit in the vehicle control
aquaria. Actual concentrations of 17a-E2 were found to be
1.91 ± 1.71, 12.81 ± 5.54, 96.24 ± 18.30, 1045.15 ± 74.79, and
9320.81 ± 151.04 ng L�1 for the 1, 10, 100, 1000 and 10 000 ng
L�1 nominal concentrations, respectively. Actual concentrations
of 17b-E2 were found to be 0.49 ± 0.15, 1.13 ± 0.29, 11.79 ± 2.00,
97.49 ± 20.49, and 1038.82 ± 70.75 ng L�1 for the 0.1, 1, 10, 100
and 1000 ng L�1 nominal concentrations, respectively. At the end
of the 21 d exposure period, six males were randomly sampled
Table 1
Sequence of primer for quantitative real-time PCR.

Gene symbol Gene full name Accession no. Sequences (firs

RPL-7 Ribosomal protein L7 DQ118296 50-CGCCAGATC
VTG-I Vitellogenin I AB064320 50-CTCCAGCTTT
CHG-H Choriogenin H AF500195 50-TACTTTCCCG
ERa Estrogen receptor alpha D28954 50-TTCCACGACC
from each of the groups for gene expression analysis. The fish were
anaesthetized in ice cold water and killed, and the livers were fro-
zen immediately in liquid nitrogen until the RNA was isolated.

2.4. Total RNA extraction and reverse-transcription PCR

The RNA was extracted from the livers of 66 animals, 6 individ-
uals from each of the exposed groups and the control group. Tis-
sues were thoroughly homogenized before RNA extraction with a
glass homogenizer. Total RNA from 10 mg of frozen liver sample
was extracted using 1 mL of Trizol (Invitrogen, Life Technologies,
USA), according to the manufacturer’s instructions. To prevent
genomic DNA contamination, the total RNA was digested by DNase
I (TaKaRa Biotechnology, China) and then purified. The RNA was
then stored at �80 �C until further processing. First-strand cDNA
synthesis was performed using Superscript III first-strand synthe-
sis SuperMix and oligo (dT) primers (Invitrogen, Life Technologies,
USA). Syntheses of first-strand cDNA were performed according to
the methods described previously (Zhang and Hu, 2007).

2.5. Quantitative real-time RT-PCR assay

Gene expression in the livers of medaka was studied using pre-
viously established methods (Zhang and Hu, 2008). The PCR primer
sequences used for the quantification of the genes encoding VTG-I,
CHG-H and ERa are shown in Table 1.

Quantitative real-time PCR (Q-RT-PCR) with SYBR Green detec-
tion was performed by using an ABI Prism� 7000 Sequence Detec-
tion System (Applied Biosystems, USA) according to protocols
established by the manufacturer. The PCR reaction mixture con-
tained 10 lL of 2 � SYBR� Green PCR master mix (Applied Biosys-
tems, USA), 250 nM each of forward and reverse primers, 5 lL of
cDNA template, and nuclease-free water in a total volume of
20 lL. The reactants were incubated at 50 �C for 2 min to activate
the uracil N9-glycosylase (in SYBR� Green PCR master mix) and
then for 10 min at 95 �C to inactivate the uracil N9-glycosylase
and activate the Amplitaq Gold� DNA polymerase (in SYBR� Green
PCR master mix), followed by 40 cycles of 95 �C for 15 s and 60 �C
for 60 s. Following the final cycle of the PCR, the reactions were
denatured over a 35 �C temperature gradient at 0.03 �C/s from 60
to 95 �C to determine the quality of PCR products. The quantifica-
tion of target gene expression was based on the comparative cycle
threshold (Ct) method. Ribosomal protein L-7 (RPL-7) was used as
the internal control (Zhang and Hu, 2007), and relative expression
was evaluated by the methods described by Applied Biosystems
(Foster City, USA).

2.6. Data analysis

Estrogenic agonist activity of 17a-E2 was recorded as the 50%
effective concentration (EC50), which was calculated using non-lin-
ear regression according to the dose–response curve by the Prism 4
for Windows program (GraphPad Software, Inc.). The inverse of the
EC50 value for 17b-E2 was set to 1. For 17a-E2, relative potency
(RP), calculated by the ratio of the EC50 of 17b-E2 to that of 17a-
E2, was used to present its estrogenic activity. For the in vivo assay,
t row, forward primers; second row, reverse primers) Amplicon size (bp)

TTCAACGGTGTAT-30 50-AGGCTCAGCAATCCTCAGCAT-30 72
GAGGCCATTTAC-30 50-ACAGCACGGACAGTGACAACA-30 81
TCACTTATTGC-30 50-TTCCACGACCAGAGTTTCAAC-30 189
AGAGTTTCAAC -30 50-CCTCTCCCCACCTCGCCTCTC-30 97
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gene expression was calculated as fold induction relative to the
average expression in the solvent control group. Benchmark dose
(BMD) values (95% confidence interval lower bound) correspond-
ing to a default response (10%) of 17a-E2 and 17b-E2 were calcu-
lated by using the USEPA’s benchmark dose software version 2.1,
with the actual concentrations of 17a-E2 and 17b-E2 determined
by LC–ESI-MS/MS. The statistical program SPSS (version 11.5; Chi-
cago, IL, USA) was used to compare and analyze all the collected
data. Differences were evaluated by ANOVA followed by Tukey’s
test. The difference was considered significant at P < 0.05.
3. Results and discussion

3.1. In vitro estrogenic activity of 17a-E2: comparison with 17b-E2

Using the yeast two-hybrid assay, the med-ERa agonist activity
of 17a-E2 was compared with that of 17b-E2 (Fig. 5). The EC50 val-
ues of 17a-E2 and 17b-E2 were calculated to be 114.10 nM and
3.80 nM, respectively. Results showed that 17a-E2 was approxi-
mately 30 times less potent than 17b-E2. The RP of 17a-E2 to
17b-E2 was estimated to be 0.03, which was similar to that ob-
tained by the rtER yeast assay (Le Guevel and Pakdel, 2001). Ago-
nist rtER activity of 17a-E2 was approximately 27 times less
potent than that of 17b-E2. However, hERa agonist activity of
17a-E2 was reported to be over 100 times less potent than that
of 17b-E2. Kawagoshi et al. (2002) reported the RP of 17a-E2 to
17b-E2 (set as 1) was 0.01 in a yeast two-hybrid assay incorporat-
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Fig. 2. Relative gene expression of VTG-I in the livers of medaka from the solvent control
17b-E2 (0.1, 1, 10, 100, and 1000 ng L�1) by quantitative real-time RT-PCR SYBER Green
(P < 0.05).
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Fig. 3. Relative gene expression of CHG-H in the livers of medaka from the solvent contro
17b-E2 (0.1, 1, 10, 100, and 1000 ng L�1) by quantitative real-time RT-PCR SYBER Green
(P < 0.05).
ing hERa, and Legler et al. (2002) reported that 17a-E2 was 500
times less potent than that of 17b-E2 using an ER-CALUX assay
with human T47D breast cells. In addition, the RP of BPA relative
to 17b-E2 (set as 1) was estimated to be 3.00 � 10 �4 by using
the med-ERa yeast assay (Terasaki et al., 2005), indicating that
17a-E2 was approximately 100 times more potent than BPA.
3.2. In vivo transcriptional variation of estrogen-responsive biomarker
genes by 17a-E2: comparison with 17b-E2

In this study, dose-dependent up-regulation of VTG-I was ob-
served in the liver of the fish exposed to 17a-E2 and 17b-E2
(Fig. 2). Statistically significant increase in the VTG-I gene expres-
sion occurred at concentrations of 100 ng L�1 and greater 17a-E2
and 17b-E2 exposure groups (P < 0.05). Comparing the VTG-I
mRNA expression levels in the exposure groups at highest concen-
trations of both chemicals, it was found that the VTG-I mRNA
expression levels of 17a-E2 was 5184.66 folds which was 2 times
lower than that of 17b-E2 (17769.95 folds). Methods of dose–re-
sponse assessment, such as BMD, have been applied to calculate
the RP in many assay systems (Haws et al., 2006). In this study,
the BMDs of 17a-E2 and 17b-E2 for VTG-I induction according to
the dose–response relationships were calculated to be 44.16 ng
L�1 and 4.02 ng L�1, and 17a-E2 was about 11 times less potent
than 17b-E2 in estrogenic effects. The RP of 17a-E2, a ratio of
BMD17b-E2 to BMD17a-E2 was calculated to be 0.09. By analyzing
VTG induction in the livers of male medaka, Yamaguchi et al.
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(2005) reported the estrogenic activities of 4-NP and BPA relative
to 17b-E2 (set as 1) to be 0.0002 and 0.00001, respectively. Com-
pared with 4-NP and BPA, 17a-E2 is 450 and 9000 times more po-
tent in inducing VTG expression, although 4-NP and BPA have been
given more attention in the previous studies.

CHG-H is a precursor protein of egg envelope of medaka and
synthesized in the adult female liver in response to estrogen. It
has also been frequently used as a biomarker for monitoring estro-
genic EDCs in the aquatic environment (Sugiyama et al., 1999). We
measured the CHG-H mRNA level and found that it was signifi-
cantly (P < 0.05) up-regulated in 1000 and 10,000 ng L�1 17a-E2
and 100 and 1000 ng L�1 of 17b-E2 exposure groups (Fig. 3). The
BMDs of 17a-E2 and 17b-E2 for CHG-H were calculated to be
15.25 ng L�1 and 0.88 ng L�1. The estrogenic potency of 17a-E2
was about 17 times lower than that of 17b-E2.

The expression levels of the ERa mRNA in the livers of the male
medaka were also assessed. The relative expression levels of ERa
mRNA were significantly up-regulated in the livers of the fish ex-
posed to 1000 and 10,000 ng L�1 17a-E2 (actual concentration:
1045.15 and 9320.81 ng L�1) and 100 and 1000 ng L�1 17b-E2 (ac-
tual concentration: 97.49 and 1038.82 ng L�1) exposure groups
(P < 0.05) (Fig. 4). According to their dose–response relationships,
the BMD values of 17a-E2 and 17b-E2 for ERa were calculated to
be 66.0 ng L�1 and 4.9 ng L�1, respectively. The ratio of BMD17a-E2

to BMD17b-E2 indicated that 17a-E2 was about 14 times less potent
than 17b-E2 in estrogenic effects, which was close to the calculated
ratios reported for VTG-I and CHG-H induction. Previous research
has shown ERa to be the dominant estrogen receptor in the livers
of medaka and it is involved in activating estrogen-responsive
genes such as VTG and CHG (Scholz et al., 2004). The up-regulation
of ERa observed in the 17a-E2 exposure groups suggested that
there would be more ERa in the liver, which could be bound by
internal or external estrogenic chemicals and result in an increase
in the feminization effect. Considering that 17a-E2 has been
frequently detected in aquatic environments (Table S2, in the sup-
plementary material) where fish live their whole life, and it has
been demonstrated in fish 17a-E2 was 450 and 9000 times more
potent than 4-NP and BPA, two chemicals of current concern
regarding its estrogenic properties, respectively. Further attention
and research is therefore required on the estrogenic effects of
17a-E2 on fish.
4. Conclusion

In the in vitro med-ERa yeast two-hybrid assay, it was found
that the estrogenic activity of 17a-E2 was 30 times less potent
than that of 17b-E2. In the in vivo medaka test, it was shown that
17a-E2 was about 11–17 times less potent than 17b-E2 in inducing
VTG-I, CHG-H, and ERa gene expression in livers of male medaka.
These results indicate that the RP of 17a-E2 to 17b-E2 in medaka
was higher than that reported previously in mammals, and the
estrogenic activity of 17a-E2 was much higher than those of some
traditional EDCs. More attention should be paid to the effects of
17a-E2 on fish in the future studies.
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